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INTRODUCTION 

H y d r o g a s i f i c a t i o n  o f  c o a l  i s  a t e c h n i q u e  f o r  producing  s y n t h e t i c  
n a t u r a l  g a s  (SNG) which o f f e r s  t h e  a d v a n t a g e  o f  methane p r o d u c t i o n  i n  
a s i n g l e  p r o c e s s  s t e p .  A f u n d a m e n t a l  l i m i t a t i o n  o f  h y d r o g a s i f i c a t i o n  
i s  t h e  low r e a c t i v i t y  o f  h y d r o g e n ,  compared t o  s team o r  oxyEen, 
towards  c o a l  c h a r s .  U t i l i z a t i o n  o f  a l o w - c o s t  c a t a l y s t  t h a t  would 
g r e a t l y  enhance t h e  r e a c t i v i t y  o f  hydrogen  towards  c o a l  c h a r  would 
s i g n i f i c a n t l y  impact  t h e  SNG program. 

I t  h a s  been known f o r  some t i m e  t h a t  v a r i o u s  i n o r g a n i c  s p e c i e s  have a 
c a t a l y t i c  e f f e c t  on g a s i f i c a t i o n  r a t e s  o f  c a r b o n s  and g r a p h i t e s  (1). 
R e c e n t l y ,  H s t t i n g e r  and Krauss  ( 2 )  i n v e s t i g a t e d  t h e  c a t a l y t i c  a c t i v i t y  
o f  c o a l  m i n e r a l s  i n  t h e  h y d r o g a s i f i c a t i o n  o f  c o a l .  They s t u d i e d  s i x  
b i tuminous  c o a l s  i n  a f i x e d - b e d  f l o w  r e a c t o r  a t  p r e s s u r e s  up t o  2 blPa 
and t e m p e r a t u r e s  from 400 t o  960OC. Methane f o r m a t i o n  was o b s e r v e d  
i n  t h r e e  d i s t i n c t  r a n g e s  between 500 and 6OO0C, 750 t o  800°C, and 
> 8 5 O o C .  They d e t e r m i n e d  t h a t  i n  t h e  r e g i o n  >850°C, i r o n  can  a c c e l e r a t e  
methane f o r m a t i o n  s i g n i f i c a n t l y  i f  t h e  p r e s s u r e  i s  s u f f i c i e n t l y  h i g h .  

#e i n v e s t i g a t e d  t h e  c a t a l y t i c  a c t i v i t y  of s e v e r a l  i r o n  compounds on t h e  
h y d r o g a s i f i c a t i o n  o f  a P i t t s b u r g h  Seam c o a l  a t  one atmosphere o f  
H ( 3 ) .  We o b s e r v e d  t h a t  t h e  c a t a l y t i c  a c t i v i t y  i s  dependent  on t h e  
p i r t i c u l a r  i r o n  compound w i t h  t h e  f o l l o w i n g  o r d e r  o b s e r v e d  (most a c t i v e  
t o  l e a s t  a c t i v e ) :  Fe 0 > Fe304 > FeSO > FeS2 FeO > F e .  I n  t h i s  
p a p e r ,  we s h a l l  desc$i$e  t h e  r e s u l t s  of two s e r i e s  o f  e x p e r i m e n t s  
performed t o  a i d  i n  i n t e r p r e t i n g  t h i s  dependence o f  reduced  i r o n  
c a t a l y t i c  a c t i v i t y  on p r e c u r s o r  s p e c i e s .  I t  h a s  been assumed t h a t  t h e  
r o l e  o f  reduced  i r o n  i n  c a t a l y z i n g  h y d r o g a s i f i c a t i o n  i s  d i s s o c i a t i o n  
of H ( 4 ) .  A l s o ,  t h e r e  i s  e v i d e n c e  t h a t  c a t a l y s t s  a f f e c t  g a s i f i c a t i o n  
by p g y s i c a l  i n t e r a c t i o n  w i t h  t h e  c o a l  ( 5 ) .  
measurements of  t h e  H / D  exchange a c t i v i t y  o v e r  reduced  i r o n  com- 
pounds and p r e s e n t  daza  6n s u r f a c e  a r e a s  and t o t a l  p o r e  volumes 
f o r  c h a r s  formed from t h e  c o a l  p l u s  i r o n  compound samples .  F i n a l l y ,  
we s h a l l  d i s c u s s  t h e s e  r e s u l t s  w i t h  r e s p e c t  t o  t h e  o b s e r v e d  dependence 
of  g a s i f i c a t i o n  r a t e s  on t h e  p a r t i c u l a r  i r o n  compound added.  

Thus,  we s h a l l  r e p o r t  

H 2 / D 2  EXCHANGE STUDIES 

Experiment and R e s u l t s  

For  t h e  H / D z  exchange e x p e r i m e n t s ,  t h e  e x p e r i m e n t a l  a p p a r a t u s  c o n s i s -  
t e d  o f  a h o w  c o n t r o l l e d  s o u r c e  o f  H and D , a g a s  mixing s e c t i o n ,  
and a t e m p e r a t u r e  c o n t r o l l e d  oven .  ?he c a t g l y s t  sample was c o n t a i n e d  
w i t h i n  a 0 . 5  cm I .D.  q u a r t z  t u b e  i n s i d e  t h e  oven.  An i r o n - c o n s t a n t a n  
thermocouple  mounted on t h e  w a l l  o f  t h e  t u b e  was used  t o  m o n i t o r  t h e  
sample t e m p e r a t u r e .  

T h i s  work s u p p o r t e d  by t h e  U.S. Department  o f  Energy under  C o n t r a c t  
DE-AC04-76DP00789. 
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The e x p e r i m e n t a l  p r o c e d u r e  was as f o l l o w s .  A sample of  e a c h  i r o n  
compound, of s u f f i c i e n t  w e i g h t  t o  c o n t a i n  70  mg o f  e l e m e n t a l  i r o n ,  
was P o s i t i o n e d  i n  t h e  q u a r t z  t u b e  between q u a r t z - w o o l  p l u g s .  An 
a p p r o x i m a t e l y  e q u i m o l a r  f l o w  o f  H and D w a s  e s t a b l i s h e d  t h r o u g h  t h e  
sample a t  a nominal  f low r a t e  o f  25 ml/m?n. The oven t e m p e r a t u r e  
was r a i s e d  t o  1000°C and h e l d  t h e r e  f o r  t h i r t y  m i n u t e s  t o  r e d u c e  t h e  
sample t o  e l e m e n t a l  i r o n .  Under a c o n t i n u o u s  s t e a d y  f low of H and 
D , t h e  sample t e m p e r a t u r e  was lowered t o  t h e  d e s i r e d  measuremint  
tgmpera ture  and s t a b i l i z e d  t h e r e .  
e n t r a n c e  and e x i t  o f  t h e  oven were u s e d  t o  o b t a i n  a sample of t h e  
H / D  m i x t u r e  b e f o r e  i t s  p a s s a g e  t h r o u g h  t h e  c a t a l y s t  and a sample of  
t6e 6 / D  /HD m i x t u r e  a f t e r  t h e  c a t a l y s t .  
ana ly8ed2wi th  a c a l i b r a t e d  UTI q u a d r u p o l e  mass s p e c t r o m e t e r  t o  d e t e r -  
mine t h e  H D / H 2  and D / H  Blank r u n s ,  w i t h  H 2 / D 2  f low through 
h e a t e d  q u a r t z - w o o l  wgthgut  a c a t a l y s t  sample ,  showed no c o n v e r s i o n  t o  
HD.  

The y i e l d  o f  HD i n  t h e  g a s  sample c o l l e c t e d  a f t e r  p a s s a g e  t h r o u g h  t h e  
c a t a l y s t  i s  p l o t t e d  a s  a f u n c t i o n  o f  sample t e m p e r a t u r e  i n  F i g u r e s  1 
and 2 .  In p l o t t i n g  t h e s e  f i g u r e s ,  t h e  amount o f  HD i n  t h e  sample was 
d i v i d e d  by t h e  amount o f  HD t h a t  w e  e x p e c t e d  t o  be  p r e s e n t  b a s e d  on 
thermodynamic e q u i l i b r i u m .  These t e m p e r a t u r e - d e p e n d e n t  d a t a  show 
s e v e r a l  i n t e r e s t i n g  f e a t u r e s .  Each sample e x h i b i t s  a c h a r a c t e r i s t i c  
t e m p e r a t u r e  a t  which t h e  c o n v e r s i o n  r e a c t i o n  i s  c a t a l y z e d .  For  h i g h e r  
t e m p e r a t u r e s ,  t h e  HD y i e l d  i s  w i t h i n  a few p e r c e n t  o f  t h e  thermodynamic 
v a l u e  b u t  a p p e a r s  t o  c o n s i s t e n t l y  exceed  i t .  A l s o ,  samples  t h a t  
e x h i b i t  l a r g e r  c h a r a c t e r i s t i c  t e m p e r a t u r e s  a l s o  show a more g r a d u a l  
r i s e  i n  HD y i e l d  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  w h i l e  samples  w i t h  a 
low c h a r a c t e r i s t i c  t e m p e r a t u r e  show a v e r y  r a p i d  change t o  f u l l  
a c t i v i t y .  From F i g s .  1 and 2 ,  w e  c a n  conclude  t h a t  t h e  r e l a t i v e  
o r d e r i n g  f o r  c a t a l y z i n g  H / D 7  exchange o v e r  t h e  reduced  i r o n  compounds 
i s  F e  0 
t h a t  $h8 more a c t i v e  c a t a l y s t s  a r e 4 t h e  on&s w i t h  t h e  lower  c h a r a c t e r -  
i s t i c  t e m p e r a t u r e s .  

I n - l i n e  sample  b o t t l e s  a t  t h e  

These g a s e s  were t h e n  

r a t i o s .  

> Fe203 7 Fe > F 6 O  5 FeSO > FeS . T h i s  o r d e r i n g  assumes 

Model 

The r e s u l t s  p r e s e n t e d  above can  b e  i n t e r p r e t e d  on t h e  b a s i s  o f  a s imple  
phenomenological  model ,  which we d e r i v e  below. We assume t h a t  a f r a c -  
t i o n  o f  t h e  H and D2 (and HD when p r e s e n t )  f l o w i n g  t h r o u g h  t h e  c a t a -  
l y s t  a r e  chemisorbed (and d i s s o c i a t e d )  on t h e  i r o n  s u r f a c e .  
can  be  formed by a v a r i e t y  o f  g a s / s u r f a c e  i n t e r a c t i o n  mechanisms ( 6 ) .  
For  t h e  p r e s e n t  model ,  we d i l l  assume a p u r e l y  s u r f a c e  mechanism; t h a t  
i s ,  HD i s  produced  by t h e  a s s o c i a t i o n  o f  H and D atoms on t h e  s u r f a c e  
and subsequent  d e s o r p t i o n  o f  H D .  F o r  t h i s  mechanism, t h e  r a t e  o f  HD 
f o r m a t i o n  i s  governed by 

The H D  

where S i s  t h e  c o n c e n t r a t i o n  of empty,  p o t e n t i a l l y  a c t i v e  s u r f a c e  
s i t e s  and SH and SD a r e  t h e  c o n c e n t r a t i o n s  of  s u r f a c e  s i t e s  c o n t a i n i n g  
H and D a toms,  r e s p e c t i v e l y .  We assume t h a t  t h e  a v a i l a b l e  s i t e s  a r e  
r a p i d l y  o c c u p i e d  by f I  and D atoms a t  an e q u i l i b r i u m  c o n c e n t r a t i o n  
t h a t  i s  i n s e n s i t i v e  t o  t h e  c o n c e n t r a t i o n  o f  H D .  Denot ing  t h e s e  
e q u i l i b r i u m  c o n c e n t r a t i o n s  by s u p e r s c r i p t  "e", we o b t a i n  from Eq. (1) 
t h e  f o l l o w i n g  r a t e  e q u a t i o n  f o r  HD f o r m a t i o n  
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- -  HD - k-  S E  s i  (.l - - * I  
d t  H D ~  

( 2 1  

In d e r i v i n g  Eq. ( Z ) ,  we have  r e q u i r e d  t h e  t i m e  d e r i v a t i v e  t o  v a n i s h  
a s  t -+ m and HD + HDe.  I n t e g r a t i n g  Eq. ( 2 )  o v e r  t h e  time i n t e r v a l  T 
f o r  which t h e  g a s  s t r e a m  i s  i n  c o n t a c t  w i t h  t h e  c a t a l y s t  y i e l d s  

- H D  = 1 - e x p  ( -exp  (F (k - +I ) )  
H D ~  

where 
- E / R T  k -  E A e  

( 3 )  

and 

Equat ion  (3)  c o n t a i n s  two p a r a m e t e r s  t h a t  c h a r a c t e r i z e  t h e  d a t a ,  a 
c h a r a c t e r i s t i c  t e m p e r a t u r e  T a t  which t h e  sample becomes e f f e c t i v e  i n  
c a t a l y z i n g  t h e  exchange r e a c e i o n ,  and an e n e r g y  E ,  which r e p r e s e n t s  
t h e  o v e r a l l  a c t i v a t i o n  e n e r g y  a s s o c i a t e d  w i t h  t h e  s u r f a c e  r e a c t i o n  of  
H and D t o  form desorbed  HD.  

T h i s  model f i t s  t h e  e x p e r i m e n t a l  d a t a  q u i t e  w e l l  as  shown by t h e  
s o l i d  l i n e s  i n  F i g s .  1 and 2 .  An E / R  v a l u e  of  1 5 , 0 0 0  K i s  assumed f o r  
a l l  t h e  d a t a ,  w h i l e  T i s  c h o s e n  t o  f i t  e a c h  d a t a  s e t  s e p a r a t e l y .  
(The v a l u e  f o r  E / R  wag chosen  t o  a g r e e  w i t h  measured a d s o r p t i o n  e n e r -  
g i e s  o f  %30 Kcal /mole . )  The f a c t  t h a t  a l l  t h e  d a t a ,  r e g a r d l e s s  of 
t h e  composi t ion  of t h e  compound p r i o r  t o  r e d u c t i o n ,  a r e  w e l l  r e p r e -  
s e n t e d  by t h e  same v a l u e  o f  E i n d i c a t e s  t h a t  t h e  a c t i v e  s i t e s  i n  a l l  
t h e  reduced  m i n e r a l s  a r e  e n e r g e t i c a l l y  s i m i l a r .  However, t h e  wide ly  
d i f f e r e n t  v a l u e s  o f  T s u g g e s t  t h a t  t h e  d e n s i t y  o f  a c t i v e  s i t e s  ( o r  
t h e i r  a c c e s s i b i l i t y )  Q a r i e s  c o n s i d e r a b l y  from sample t o  sample.  

A p a r t  from t e m p e r a t u r e ,  t h e  o n l y  e x p e r i m e n t a l l y  a d j u s t a b l e  parameter  
i n  t h e  model i s  t h e  c o n t a c t  t i m e  T .  To check t h e  p r e d i c t i v e  c a p a -  
b i l i t y  of t h e  model ,  w e  i n c r e a s e d  t h e  c o n t a c t  time by a f a c t o r  o f  2 5  
f o r  H /D2 on reduced  FeS . 
t h e  flow r a t e  a f a c t o r  o? 5 t o  5 ml/min and i n c r e a s i n g  t h e  amount of 
sample by a f a c t o r  o f  5 .  Such an i n c r e a s e  i n  T i s  e x p e c t e d  t o  d e c r e a s e  
T ( s e e  Eq. ( 3 ) )  from 1073 K t o  8 7 3  K .  A s  shown by t h e  dashed l i n e  i n  
FPg. 2 ,  t h e  d a t a  and t h e  model p r e d i c t i o n  a g r e e  r e a s o n a b l y  w e l l .  

T h i s  i n c r e a s e  was accompl ished  by s lowing 

SURFACE AREA STUDIES 

Experiment  and R e s u l t s  

The a n a l y s i s  o f  t h e  P i t t s b u r g h  seam c o a l  used  i n  t h e s e  s t u d i e s  i s  
l i s t e d  i n  Table  1. T h i s  c o a l  was chosen because  o f  i t s  l o w  i n h e r e n t  
m i n e r a l  m a t t e r  c o n t e n t  and h i g h  f r e e  s w e l l i n g  i n d e x .  (Addi t ion  o f  
m i n e r a l s  i s  l ess  c o m p l i c a t e d  by  i n h e r e n t  m i n e r a l s ,  and changes  i n  
a g g l o m e r a t i n g  p r o p e r t i e s  a r e  e a s i l y  o b s e r v e d . )  The a v e r a g e  p a r t i c l e  
s i z e  of  t h e  c o a l  sample  used  was 1 5 ~  w i t h  t h e  e n t i r e  sample p a s s i n g  
through a 7 5 ~  s c r e e n .  \ f i x t u r e s  o f  c o a l  p l u s  m i n e r a l s  were p r e p a r e d  
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Table  1. A n a l y s i s  o f  t h e  P i t t s b u r g h  Seam Coal from t h e  Bruceton 

Proximate A n a l y s i s  Wt. % S u l f u r  Forms Wt. % 
M o i s t u r e :  1 . 4 7  P y r i t i c  : 0 . 3 1  
Ash : 3 . 8 0  S u l f a t e :  0 .06 
1'01 a t  i l e  : 34.66 O r g a n i c  ( d i f f ) :  0.65 
F ixed  Carbon: 60.07 

U l t i m a t e  A n a l y s i s  l l i t .  % - Rank hvAb 

>line 

Mois ture  : 1 . 4 7  
\ Carbon: 7 9 . 4 3  

Hydrogen: 5 .13  
N i t r o g e n :  1 . 6 7  
C h l o r i n e :  0 . 0 1  
S u l f u r  : 1.02 
Ash: 3.80 
Oxygen ( d i f f )  : 7 . 4 7  

F r e e  S w e l l i n g  
Index 7 

P e t r o g r a p h i c  A n a l y s i s  Vol .  % 
V i t r i n i t e :  7 2 . 1  
E x i n i t e  : ? . 2  
I n e r t  i n i t e  : 20.7 

by p h y s i c a l  mixing u n l e s s  o t h e r w i s e  i n d i c a t e d .  A n a l y s i s  f o r  s u l f u r  
c o n t e n t  ( f o r  FeS ) o r  x - r a y  f l u o r e s c e n c e  measurement o f  i r o n  concen-  
t r a t i o n  (for o t h g r  i r o n  compounds) i n d i c a t e s  t h a t  f o r  t h e  sample s i z e  
u s e d  i n  t h e  p r e s e n t  e x p e r i m e n t s ,  un i form m i x t u r e s  had been a c h i e v e d .  

Char samples  f o r  t h e  s u r f a c e  a r e a  and t o t a l  p o r e  volume measure-  
ments were p r e p a r e d  by h e a t i n g  c o a l  samples  i n  a Dupont 9 5 1  t h e r m a l  
g r a v i m e t r i c  a n a l y s i s  a p p a r a t u s  t o  1000°C and t h e n  c o o l i n g  t o  ambient  
t e m p e r a t u r e .  For  a l l  samples  i n  which an i r o n  compound was added t o  
t h e  c o a l ,  t h e  normal a g g l o m e r a t i n g  p r o p e r t y  o f  t h e  Bruce ton  c o a l  was 
c o m p l e t e l y  d e s t r o y e d .  The c h a r  sample ,  p r e p a r e d  from t h e  raw Bruce ton  
c o a l ,  was r e p u l v e r i z e d  b e f o r e  u s e .  ( R e p u l v e r i z a t i o n  of  t h e  raw c o a l  
c h a r  reduced it  t o  a p a r t i c l e  s i z e  s i m i l a r  t o  t h e  o t h e r  c h a r s ,  b u t  
made a n e g l i g i b l e  c o n t r i b u t i o n  t o  t h e  s u r f a c e  a r e a . )  The n i t r o g e n  
BET (7)  s u r f a c e  a r e a  and t o t a l  p o r e  volume f o r  each c h a r  was 
measured on a M i c r o m e r i t i c s  D i g i s o r b  p o r e - v o l u m e / s u r f a c e  a r e a  a n a l y z e r .  

The r e s u l t s  from s u r f a c e  a r e a  s t u d i e s  on t h e  raw c o a l  c h a r  and c h a r s  
from t h r e e  samples  o f  c o a l  p l u s  c a t a l y s t  a r e  l i s t e d  i n  Table  2 .  We 
found t h a t  a d d i t i o n  o f  t h e  i r o n  c o n t a i n i n g  m i n e r a l s  g r e a t l y  i n c r e a s e d  
t h e  s u r f a c e  a r e a  and p o r e  volume o f  t h e  r e s u l t i n g  c h a r .  Table  2 a l s o  
r e v e a l s  l a r g e  d i f f e r e n c e s  i n  t h e  s i z e  o f  t h e  i n c r e a s e  i n  s u r f a c e  a r e a ,  
depending on t h e  p a r t i c u l a r  i r o n  compound added.  The r e l a t i v e  o r d e r -  
i n g  o f  t h e s e  p h y s i c a l  e f f e c t s  on t h e  c o a l  c h a r  i s  t h a t  FeS04 9 Fe20g > 
Fe. 

DISCUSSION 

I n  o u r  e a r l i e r  work on m i n e r a l  m a t t e r  e f f e c t s  on h y d r o g a s i f i c a t i o n  o f  
c o a l ,  we  measured g a s i f i c a t i o n  r a t e s  f o r  samples  of  Bruceton Mine c o a l  
w i t h  v a r i o u s  i r o n  c o n t a i n i n g  m i n e r a l s .  These r e s u l t s  a r e  l i s t e d  i n  
Table  3 .  We o b s e r v e d  t h a t ,  a l t h o u g h  a l l  t h e  m i n e r a l s  used  were 
q u i c k l y  reduced t o  e l e m e n t a l  i r o n ,  t h e  g a s i f i c a t i o n  r a t e  was dependent  
on t h e  p a r t i c u l a r  m i n e r a l  added.  We s p e c u l a t e d  t h a t  t h i s  dependence 
on p r e c u r s o r  s p e c i e s  was r e l a t e d  t o  a c t i v e  s i t e  d e n s i t y  i n  t h e  reduced  

303 



Table  2 .  N i t r o g e n  BET S u r f a c e  Areas  and T o t a l  P o r e  Volumes 

T o t a l  
Surface Area Pore  Volume 

Char Source (m2/g) ' ( c c / g )  
Bruceton Coal  3 .3  0 . 0 0 1 3  
Bruce ton  + 3.5% F e  10 .2  0 . 0 0 6 1  
Bruce ton  + 5 %  Fe203 ' 4 8  
Bruce ton  + 9 . 5 %  FeS04 90  

0.0101 
0 .0307  

form of each  m i n e r a l ,  s i n c e  a l l  were o f  s i m i l a r  p a r t i c l e  s i z e  and 
samples  were p r e p a r e d  t o  c o n t a i n  t h e  same q u a n t i t y  o f  reduced  i r o n .  

The H / D  exchange e x p e r i m e n t  was d e s i g n e d  t o  t e s t  t h e  h y p o t h e s i s  t h a t  
t h e  r z l a g i v e  o r d e r i n g  o f  h y d r o g a s i f i c a t i o n  r a t e s  was c o r r e l a t e d  t o  t h e  
a c t i v e  s i t e  d e n s i t y .  We s e e  from t h e  r e s u l t s  g i v e n  above t h a t  d i f f e r e n t  
i r o n  c o n t a i n i n g  m i n e r a l s ,  when r e d u c e d ,  y i e l d  v a r y i n g  a c t i v e  s i t e  
d e n s i t i e s  f o r  hydrogen exchange .  However, t h e  r e l a t i v e  o r d e r i n g  f o r  
hydrogen exchange i s  n o t  t h e  same a s  t h e  o b s e r v e d  r e l a t i v e  o r d e r i n g  
f o r  h y d r o g a s i f i c a t i o n  r a t e s .  Thus ,  a c t i v e  s i t e  d e n s i t y  a l o n e  cannot  
e x p l a i n  t h e  r e l a t i v e  o r d e r i n g  o f  h y d r o g a s i f i c a t i o n  r a t e s .  

R e s u l t s  g i v e n  above f o r  s u r f a c e  a r e a s  on t h r e e  samples  a l s o  show t h a t  
t h e  i r o n  compounds a f f e c t  t h e  c h a r s  d i f f c r e n t l y .  I f  we assume t h a t  
an i n c r e a s e  i n  s u r f a c e  a r e a  and a more open p o r e  s t r u c t u r e  enhance 
t h e  g a s i f i c a t i o n  r a t e  of  a c h a r ,  t h e n  we would e x p e c t  a change i n  
g a s i f i c a t i o n  r a t e s  from t h i s  p h y s i c a l  e f f e c t .  However, t h e  r e l a t i v e  
o r d e r i n g  o f  s u r f a c e  a r e a s  i s  n o t  t h e  same a s  t h e  o b s e r v e d  r e l a t i v e  
o r d e r i n g  f o r  h y d r o g a s i f i c a t i o n  r a t e s .  Hence, p h y s i c a l  changes  a l o n e  
i n  t h e  c h a r  c a n n o t  e x p l a i n  t h e  measured h y d r o g a s i f i c a t i o n  r a t e s .  

For  t h e  t h r e e  samples  t h a t  we have  i n v e s t i g a t e d  t h u s  f a r ,  i t  a p p e a r s  
t h a t  a combina t ion  o f  hydrogen t r a n s f e r  a c t i v i t y  and p h y s i c a l  e f f e c t  

T a b l e  3 .  G a s i f i c a t i o n  R a t e s  o f  Bruce ton  Mine Coal  a t  1000°C i n  H 2  
w i t h  V a r i o u s  I r o n  Compounds 

Sample 
Raw Coal 
Coal + 3 . 5 %  Fe ( 3 ~ )  5.2 
Coal + 7 %  FeS2 (511) 

Coal  + 9 . 5 %  FeS04 
Coal  + 4 . 5 %  FeO (511) 6 . 3  

1 . 0  x 1 0 - 2  
Coal + 5 %  Fe304 (511) 2 . 5  x 
Coal + 5 %  Fe203 ( 5 p )  4 . 0  x 

2 . 2  x 
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on t h e  c h a r  could  e x p l a i n  t h e  o b s e r v e d  h y d r o g a s i f i c a t i o n  r a t e s .  The 
w e i g h t i n g  f a c t o r s  f o r  e a c h  of t h e  two e f f e c t s  have n o t  been d e t e r -  
mined. We w i l l  a t t e m p t  t o  d e t e r m i n e  t h e s e  f a c t o r s  a f t e r  BET s u r f a c e  
a r e a  and pore  volume d a t a  are o b t a i n e d  on the r e m a i n i n g  samples .  

1 

CONCLUSION 

We have measured t h e  hydrogen t r a n s f e r  a c t i v i t y  o f  t h e  reduced  i r o n  
s t a t e  f o r  s i x  i r o n  c o n t a i n i n g  m i n e r a l s .  We o b s e r v e d  t h a t  each m i n e r a l  
r e s u l t e d  i n  a d i f f e r e n t  a c t i v e  s i t e  d e n s i t y .  We a l s o  measured t h e  
n i t r o g e n  BET s u r f a c e  a r e a  and t o t a l  p o r e  volume on c o a l  c h a r  
samples  w i t h  added i r o n  c o n t a i n i n g  m i n e r a l s .  Again ,  w e  o b s e r v e d  t h a t  
each  m i n e r a l  a f f e c t e d  t h e  p h y s i c a l  s t r u c t u r e  of  t h e  c h a r  d i f f e r e n t l y .  
We have concluded  t h a t  t h e  c a t a l y t i c  a c t i v i t y  o f  i r o n  c o n t a i n i n g  
m i n e r a l s  f o r  t h e  h y d r o g a s i f i c a t i o n  o f  c o a l  i s  r e l a t e d  b o t h  t o  t h e  
hydrogen t r a n s f e r  a c t i v e  s i t e  d e n s i t y  i n  t h e  reduced  i r o n  s t a t e  o f  
e a c h  m i n e r a l  and t o  t h e  p h y s i c a l  e f f e c t  each  m i n e r a l  h a s  on i n c r e a s i n g  
t h e  s u r f a c e  a r e a  and p o r e  volume o f  t h e  d e v o l a t i l i z e d  c o a l  c h a r .  
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TEMPERATURE l°Cl 

F i g u r e  1. The HD-yield r a t i o ,  d e f i n e d  a s  t h e  amount o f  HD i n  t h e  gas  
sample a f t e r  p a s s a g e  t h r o u g h  t h e  c a t a l y s t  d i v i d e d  by t h e  
amount t o  be e x p e c t e d  a t  thermodynamic e q u i l i b r i u m ,  a s  a 
f u n c t i o n  o f  t e m p e r a t u r e .  The s o l i d  l i n e s  a r e  c a l c u l a t e d  
from E q .  (3 )  w i t h  E / R  = 15,000 K and t h e  i n d i c a t e d  v a l u e  of  
T . The d a t a  a r e  r e p r e s e n t e d  by symbols :  Fe203 by c i r c l e s ,  
F? by t r i a n g l e s ,  and  FeO by s q u a r e s .  

1.0 

0. a 

0 

o im m m 400 m ~JJI 7m ram pa) 

TEMPERATURE 1 % )  

F i g u r e  2 .  Same a s  F i g u r e  1, e x c e p t  t h a t  d a t a  f o r  Fe304 ( c i r c l e s ) ,  
FeS04 ( , s q u a r e s ) ,  and FeSZ ( t r i a n g l e s  and i n v e r t e d  t r i a n g l e s )  
a r e  r e p r e s e n t e d .  The s i g n i f i c a n c e  o f  t h e  dashed  l i n e  i s  
e x p l a i n e d  i n  t h e  t e x t .  
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